In this paper on the flower mechanics of the grasses, the morphological and cytological processes leading to flower opening and anther exsertion are studied.
I N T R O D U C T I O N
Flowering of Poaceae is a crucial process for human nutrition, since the world's production of wheat, rice and maize depends upon this process. The changing morphology of the grass flower during anthesis is well known and has been described in numerous botany handbooks. It illustrates the high specialization of the Poaceae. Indeed, the velocity of filament extension and the lodicule expansion at anthesis are impressive and therefore excellent subjects to be studied. Amazingly, almost nothing is known about the cytological and physiological processes that accompany these mechanical movements (Cugnac and Obaton, 1934; Schaeverbeke, 1964; Schmid, 1976) . Anatomical studies of the grass lodicules do exist, but were merely used for taxonomic purposes (Guedes and Dupuy, 1976; Pizzolato, 1980 Pizzolato, , 1990 .
The time of the day at which anthesis takes place depends upon the species, varying from the early morning until the evening (Godron, 1873) . The real trigger is not yet understood, but is probably related to the weather conditions (Zuderell, 1909; Ogden, Hayes and Rayner, 1969) .
The present paper presents a morphological and ultrastructural analysis of the extension of the filaments and the lodicules. The following paper (Keijzer, Leferink-ten Klooster and Reinders, 1996) considers anther dehiscence and pollen shedding in maize.
MATERIALS AND METHODS
For cryo scanning electron microscopy, fresh flower parts were stuck on stubs using Tissue Tek, plunged into nitrogencooled liquid propane, transferred to liquid nitrogen and both cryo-fractured and coated with 2 nm platinum in an Oxford Instruments CT 1500 HF cryo-transfer unit mounted on a JEOL 6300F field emission cryo-SEM. The specimens 0305-7364/96/060675 + 09 $18.00/0 were observed in the latter microscope at -170 °C at 2-5 kV.
For scanning electron microscopy, flowers were fixed in 3% glutaraldehyde, dehydrated in acetone, critical point dried over carbon dioxide, mounted on stubs, coated with palladium-gold and observed in a JEOL 5200 SEM at different kVs. In order to analyse the tissue structure, the critical point dried specimens were embedded on the stub in collodial silver (BioRad A 1208) and sectioned using an SEM-microtome (Keijzer, 1993) before the coating step.
For ultrastructure research in the SEM, filaments were fixed in 1 % osmium tetroxide in 007 M phosphate buffer for 2 h, rinsed in the buffer, stepwise brought into 50 % DMSO (all these steps at 4 °C), plunged into liquid propane, cryofractured, thawed in 50 % DMSO, rinsed in the buffer and macerated for 2 weeks in 0-1 % osmium tetroxide at 4 °C. Subsequently the specimens were post-fixed for 1 h in 1 % osmium tetroxide, rinsed in the buffer, treated with 2% tannic acid overnight, rinsed in the buffer and treated with 1 % osmium tetroxide for 1 h. Subsequently they were dehydrated in acetone, critical point dried over carbon dioxide, mounted on stubs and coated with a 2 nm platinum film. This is a variant of the methods of Tanaka and Mitsushima (1984) and Barnes and Blackmore (1984) . The specimens were observed in a JEOL 6300F field emission SEM at 5-8 kV.
For transmission electron microscopy, filaments were fixed in 3 % glutaraldehyde in 0 1 M phosphate buffer (pH 7-2) for 1 h, rinsed in the buffer and post fixed in 1 % osmium tetroxide in the same buffer for 2 h, all these steps at room temperature. They were dehydrated in an ethanol series, embedded in Epon, sectioned, post stained with uranyl acetate and lead citrate and observed in a JEOL 1200 TEM at 60 kV. Tonoplasts were traced by adding 0-1% ruthenium red to the buffer during the rinsing treatments after the glutaraldehyde; subsequently osmium tetroxide post fixation, dehydration and embedding were as described above, in contrast with the uranyl and lead post stainings, which were avoided. ER was traced using potassium ferricyanide according to Hepler (1981) . Dictyosomes were traced using osmium tetroxide-zinciodine, according to Harris and Crispeels (1980) . To localize xylem elements inside intact filaments and lodicules, fresh organs were cleared (Herr, 1971 ) and observed using a light microscope either with or without Nomarski optics.
RESULTS

Morphological changes
Before anthesis. Up to anthesis the flower bud is a compact structure consisting of the palea (sensu strictu not belonging to the flower) and the lemma, together tightly packing a whorl of three anthers that are placed on short filaments and rest with their bases on and in the top of two cup-shaped lodicules ( Fig. 1) .
Anthesis. At anthesis the lodicules extend in median direction (Figs 1, 2A, 2B, 3), thus bending the glumes, palea and lemma into the open-flower configuration. Synchronously, the filaments extend in longitudinal direction from 2 up to 10 mm within 1-5 h (Fig. 3) , thus lifting the anthers out of their initial position on top of the lodicules ( Fig. 1 ) until they dangle outside the flower. These processes take place in only one of the two flowers of each spikelet at a time (Figs 1, 3), the most apical spikelet being the first one to start flowering.
The extension of the filament starts in its middle part and gradually shifts up to its apex. This action ruptures the ringand spiral-thickened xylem elements (Fig. 4A , B, C), the phloem and the surrounding parenchyma, thus forming a rhexigenous cavity (Figs 4B, C, 5) . In contrast, all the tissues of the expanding lodicules remain intact (Figs 2B, 6) . The extension of both the filaments and the lodicules are the result of cell extensions, cell divisions were never observed in these organs at this mature flower stage. A few hours after the beginning of anthesis the lodicules, filaments and dehisced anthers have dehydrated.
Ultrastructural changes
The filament 1 d before anthesis (DBA). In a cross section of the mid-region of the filament some remarkable differences can be observed between the epidermis and bordering cortex cells on one hand and the more central parenchyma surrounding the vascular bundle on the other. Between the former cells large intercellular spaces can be found, between the latter these are much smaller or absent (Fig. 8) . The former cells contain a number of small vacuoles, whereas the latter possess one or a few large ones (Fig. 7) . The cells of the epidermis and bordering cortex contain a few dictyosomes, sometimes producing many vesicles (Fig. 8) and abundant endoplasmic reticulum, mainly SER (Figs 9 and 10). The mitochondria contain swollen cristae (Figs 8 and 9 ). However, when observed in the SEM, these cristae appear less swollen (Fig. 11) . The few plastids have a rather homogenous granular content (Fig. 8) . In all the tissues, with the exception of the vascular bundle, intercellular spaces can be found (Fig. 7) .
The extending filament. When the anthers have emerged and their apices have passed the tips of the glumes by 2 mm, a cross section through the same level of the filament as at the previous stage shows the differentiation between the epidermis and bordering cortex cells on one hand and the inner parenchyma on the other. This differentiation is expressed in a degradation gradient: while the cells of the former tissues are still intact, in the latter clear signs of degeneration can be observed. The cells of the former tissues contain one central or a few large vacuoles, which are sometimes folded-in (Fig. 12 ). In these two or three layers, SER surrounds organelle-free cytoplasmic areas, that generally border vacuoles (Figs 13, 14) . Apart from this, in these outer tissues cisterns of RER mutually fuse at different sites, thus creating islands (i.e. in cross section) of cytoplasm ( Fig. 15) , which are free of organelles, with the exception of dictyosome vesicles (Fig. 16 ). Such islands are also sometimes spherical-shaped (Fig. 16 ), sometimes abundantly filling small vacuoles (Fig. 17) .
When using ruthenium red without poststaining, only tonoplasts react positively, in contrast with the other cell membranes, including ER (Fig. 18) .
When using OsFeCN-staining, both ER and smaller vacuoles react positively, in contrast with (among other organelles) the dictyosomes (Fig. 19) . In contrast, the ZnlOs-staining positively detects the dictyosomes (and their vesicles approaching the plasma membrane) and leaves the ER and vacuoles unaffected (Fig. 20) . Dictyosome vesicles can be seen in the proximity of the plasma membrane (Fig.  21) . Both the numbers and morphology of mitochondria and plastids are morphologically similar to the previous stage (Figs 12-21) .
The extended filament. When the filament elongation has been completed, most of the cells of the epidermis and bordering cortex contain less SER than at the previous stage, although in some of them it is still abundantly present, as are the, organelle-free SER-encapsulated areas (Fig. 22) . If compared with the previous stage, the morphology of plastids and mitochondria has not changed (Fig. 22) . The numbers of these organelles in a cross section have decreased.
Especially in the middle part of the filament much of the central tissues have disappeared, leaving an intercellular cavity with isolated ring-or helical wall thickenings of ruptured xylem elements (Fig. 5) . The cortex cells that directly border this cavity (sometimes belonging to the subepidermal layer) contain some dispersed organelles and small vacuoles amidst an almost ribosome-free cytoplasm (Fig. 23) .
The lodicules before anthesis. Before anthesis the cells of the lodicules, isodiametric in cross section, have rather thick walls which are thin in the pit-regions (Fig. 24) . They have a relatively small central vacuole and are rich in dictyosomes, producing few vesicles, and RER, whereas SER is much less abundant than in the outer layers of the (non-extended) filament (Fig. 24 ). Plastids and mitochondria are similar to those found in the filament: the former have the same amorphous electron-dense content with a few membranes, The lodicules at anthesis. Vacuoles and SER-enveloped the latter have the similar swollen cristae in the TEM images areas, found in the filaments, can also be observed in the (Fig. 24) . lodicules ( Fig. 25) , in the sense that they appear in the epidermis and all the (other) parenchyma cells, with the only exception of the xylem elements. All these cells expand in both tangential and radial direction (see also Figs 2A, B) . If compared with the previous stage, the dictyosomes have produced large quantities of vesicles (Fig. 26) .
DISCUSSION
The morphological changes
The extension of both the filaments and the lodicules is merely a result of cell extension. This was to be expected, since the relatively short extension time is too short for cell divisions to occur. Also comparable (although slower) processes in mature flowers (elongating styles, opening corollas, etc.) generally result from extension of existing cells.
The extension of the lodicules is the first signal of anthesis, followed by the extension of the mid-region of the filaments, which gradually proceeds towards both their bases and apices.
The cell elongations in the filament are restricted to the epidermis and bordering cortex cells. Regarding the zonation in longitudinal direction, the strongest elongation takes place in the mid-region of the filament, which is also reflected by the degree of rupture of the xylem.
Only the cells that remain after filament elongation has completed (i.e. the epidermis and the bordering cortex cells), border larger intercellular spaces than in the centre of the filament. Moreover, these intercellular spaces remain present after elongation. The meaning of this phenomenon is not clear, but may be concerned with efficiency in the elongation process: the outer more or less spherical-shaped cells (in cross section) need less water, membrane and wall materials than square cells.
The rapid vacuolation in the filaments and the lodicules
The rapid vacuolation in both the filaments and the lodicules follows the pattern described by Hilling and Amelunxen (1985) : organelle-free areas, enveloped by SERcisternae, fuse to form vacuoles. Relationships of this SER with dictyosomes, the so-called GERL (Marty, Branton and Leigh, 1980) , might be present, but could not be demonstrated in our specimens, even after potassium ferricyanide staining, which, apart from ER, sometimes stains particular dictyosome cisternae (Cresti and Keijzer, 1985) .
Apart from the pattern of Hilling and Amelunxen (1985) , an additional pathway of vacuole formation might have been identified in the filaments. The fusion of dilating cisternae of both SER and RER might result into the vacuoles that are (initially?) filled with vesicle-shaped cytoplasmic islands. A detailed SEM-TEM study to check these hypotheses is in progress.
Filling and thus unfolding the folded-in vacuoles ( = partly SER-cisternae?) observed in the SEM, appears to be a mechanism to rapidly increase the vacuolated area of the cells. Also this mechanism needs further investigation.
As expected, the different cytochemical stainings on TEM sections support the theory that vacuolation is not directly related with dictyosome action. We checked this anyway, given the huge amounts of dictyosome vesicles around the vacuoles in some of the extending cells. These vesicles might rather have a function in cell wall and plasma membrane formation, despite the small number of vesicle fusions that we observed on the plasma membrane.
The degeneration of the central tissues of the filament
In the centre of the filament tissues are ruptured due to the enormous extension of the outer layers. Although the rupture of protoxylem elements and their substitution by meta-and secondary xylem elements is a normal feature in extending plant parts, in the filaments this substitution is lacking by which the xylem system is destroyed with the rupture of the protoxylem. Since it is replaced by a large intercellular cavity, it remains unclear whether the observed xylem discontinuity automatically means ineffectiveness in water transport, as was suggested by Schmid (1976) .
In the earliest stage of the filament that we studied we found large central vacuoles in the central cortex cells. They will be the result of cell extension during earlier stages of flower development. Together with the absence of the typical vacuole-forming SER configurations from 1 d before anthesis, this indicates that this central part does not participate in the rapid cell extensions leading to the filament elongation at anthesis. However, questions remain as to the interpretation of the ' diluted' cytoplasm, shown in Fig. 24 , that was found in the remaining cortex cells after the filament extension had ended. Since these cells lack (the SER-assisted formation of) one or more large vacuoles, they do not look like actively extending cells. It rather looks like they have extended as a result of the action of the (clearly actively extending) epidermis cells. Such a 'passive' extension might have resulted in water uptake into the cytoplasm without the formation of vacuoles. In that case the cytoplasmic composition of Fig. 24 represents a step in the degeneration of the cell.
The mitochondria and plastids
Swollen cristae in mitochondria, such as we found in the TEM specimens, have been described as signs of high oxidative activity (Simon and Chapman, 1961) , although this could not be confirmed for the Poaceae (Opik, 1973) and even merely the pH might be the cause of this swelling (Opik, 1973) . However, in the SEM these cristae appear less swollen which proves that at least one of these two contradicting morphologies (i.e. from different fixation procedures) is an artefact. The use of cryo-SEM with its super-rapid cryo fixation might give a definite answer on this question.
The absence of starch in both the filaments and the lodicules in all developmental stages excludes the possibility that rapid starch breakdown increases the osmolarity in order to vacuolate the cells, as in lily filaments (HeslopHarrison, Heslop-Harrison and Reger, 1987) . The physiological background of the cell extensions will be presented separately (Keijzer and Hoekstra, unpubl. res.) .
The variation in cell content or concentration of organelles that was frequently found among cells in one cross section might be due to gradients inside individual cells. While (automatically) sectioning through different heights of neighbouring cells, this might be interpreted as differences between whole cells. Moreover, the strong longitudinal cell extensions lead to lower numbers of organelles per cross section than before extension.
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